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Production and hosting byAbstract The Panguan Syncline contains abundant coal resources, which may be a potential source of
coalbed methane. In order to evaluate the coalbed methane production potential in this area, we investi-
gated the pore-fracture system of coalbed methane reservoirs, and analyzed the gas sorption and seepage
capacities by using various analytical methods, including scanning electron microscopy (SEM), optical
microscopy, mercury-injection test, low-temperature N2 isotherm adsorption/desorption analyses, low-
field nuclear magnetic resonance and methane isothermal adsorption measurements. The results show that
the samples of the coal reservoirs in the Panguan Syncline have moderate gas sorption capacity. However,
the coals in the study area have favorable seepage capacities, and are conductive for the coalbed methane
production. The physical properties of the coalbed methane reservoirs in the Panguan Syncline are gener-
ally controlled by coal metamorphism: the low rank coal usually has low methane sorption capacity and
its pore and microfractures are poorly developed; while the medium rank coal has better methane sorption
capacity, and its seepage pores and microfractures are well developed, which are sufficient for the coalbed
methane’s gathering and exploration. Therefore, the medium rank coals in the Panguan Syncline are the
most prospective targets for the coalbed methane exploration and production.
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Elsevier1. Introduction
The Panguan Syncline, which is 45 km in length and 12e20 km in
width, is located in the western part of Guizhou Province, and its
coal-bearing area is about 605 km2. There are good conditions for
coalbed methane formation and approximately 1.901 1011 m3 of
coalbed methane resources was detected in this area (Sun et al.,
2008; Gao et al., 2009). However, until now the coalbed
methane exploration and development in this region has not
reached the purpose of making profits because of the complex
geological conditions and the lack of researches in this region. The
S. Li et al. / Geoscience Frontiers 3(6) (2012) 853e862854pore-fracture system of coalbed methane reservoirs affects not
only the gas adsorption, but also the gas transportation behaviors
in coal seams (Gamson et al., 1993; Clarkson and Bustin, 1999;
Gilman and Beckie, 2000; Karacan and Okandan, 2001;
Mastalerz et al., 2008). They account for the porosity and
permeability of the coal reservoir and can have a significant effect
on the success of exploiting coalbed methane from ground-wells
and extracting coalmine methane from subsurface-drills. There-
fore, the researches on the pore-fracture system of coal reservoirs
would reveal its influences on the gathering, seepage and output of




The Panguan Syncline is a main tectonic unit of Panxian coalfield in
western Guizhou. After the coal seams were deposited in the Late
Permian epoch, the Panguan Syncline mainly underwent the Indo-
sinian, Yanshannian and Himalayan orogeny movements. Not only
did the tectonic movements generate a large number of folds and
faults but also controlled the sedimentary evolution of the coal seams
and distribution patterns of the coalbed methane reservoirs. As
a composite syncline composedofmiddle uplift zone and south-north
depression, the Panguan Syncline, in the form of structure, is a rela-
tively complete fold. The northern structure is more complex, while
the southern structure is relatively simple. Coal seam distribution is
significantly affected by the structure. It was cut into several blocks
on the section where coalbed methane is stored. Stratum dip is larger
in thewing part of the Panguan Syncline, thus deep coalbedmethane
can escape through coal outcrops (Yi et al., 2007).
2.2. Coal-bearing strata
The Lower Permian Longtan and Changxing formations are the
main coal-bearing strata in the Panguan Syncline, which are a setFigure 1 Location map oof paralic coal-bearing deposition, and the total thickness of the
coal seam is 30e42.2 m, with a mean value of 34.4 m. As a whole,
it is thick in the southwest and thin in the northeast (Fig. 1). It
contains 11e20 mineable coal seams, including 4 minable seams
in the whole region (group 12 of Changxing formation and group
17, 18, 24 of Longtan formation). Apart from the coal seams in the
synclinal trough axis that buried below 1500 m, the burial depth of
the coal-bearing strata is less than 800 m (Yi and Li, 2006).
3. Samples and experiments
3.1. Samples
A total of 8 fresh bench samples were collected from 7 under-
ground mines and a drill hole in the Panguan Syncline. They
located in Huopu coal mine (HP), Luzhongde coal mine (LZD),
Shanjiaoshu coal mine (SJS), Xileqing coal mine (XLQ), Laowuji
coal mine (LWJ), Heipiwazi coal mine (HPW), Dongli coal mine
(DL) and a drill hole in Pan County (PZK), respectively (Fig. 1).
All the samples were directly collected from coal mines, carefully
packed and then sent to the laboratory for experiments immedi-
ately. The collected samples fully account for the geographical
distribution and the main coal seams.
3.2. Experiments
In this paper, on the basis of vitrinite refiectance measurements,
coal maceral composition analyses and proximate analysis,
various testing methods were used to research the aperture,
morphology, distribution and connectivity of pore-fractures of the
coalbed methane reservoirs. Samples were analyzed through
scanning electron microscopy (SEM), microfracture analyses,
porosity and permeability tests, low-temperature N2 isotherm
adsorption/desorption analyses method, mercury-injection
method, low-field nuclear magnetic resonance (NMR) and
methane isothermal adsorption measurements. SEM is a common
method to observe the pore-fracture of coal reservoirs.f the Panguan Syncline.
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respect to the microscope. The porosity and permeability of the
coal reservoir can be obtained by conventional porosity and
permeability analysis, the low-temperature N2 isotherm adsorp-
tion/desorption method has always been used in differentiating the
transition pores (<10 nm in diameter) and micropores
(10e100 nm in diameter) in the adsorption pores. With the
difference of the experimental pressure, the mercury intrusion
method can quantitatively detective the pore whose diameter is
greater than 3.75 nm, and this method has been commonly used in
testing the mesopores (100e1000 nm in diameter) and macro-
pores (>1000 nm in diameter) in the seepage pores. NMR is used
in analyzing the pore types, producible porosity, pore structure,
and spatial disposition of pore-fractures in the coals.
A total of 8 samples were selected for proximate analysis (by
GB/T 212e2001) to measure the ash yield and moisture contents of
the coals. Vitrinite reflectance measurements and coal maceral
composition analyses were performed on the polished specimen
following GB/T 6948e2008. Microfracture analyses were carried
out under a Leitz LABORLXE 12 POL microscope following the
SY/T 5614e1993 standard. The applicable standard of scanning
electron microscopy is the Chinese Standard GB/T17361e1998.
Following the standard method SY/T5336e2006, porosity was
measured by a gravimetric method. Meanwhile, the absolute
permeability was determined using a bubble flowmeter, by flowing
air through the core sample until variation of permeability becomes
relatively stable. Coal samples were selected for mercury-injection
and low-temperature N2 isotherm adsorption/desorption analyses
following the SY/T5346e2002 standard and GB/T19587e2004
method respectively. The NMR measurements were conducted
using a Rec Core 2500 instrument manufactured by the China
National Petroleum Corporation. Two sets of NMR measurements
were performed: one at 100% water-saturated condition, and the
other at an irreducible water condition. For analyzing the maximum
adsorption capacity of coals, methane adsorption isotherm experi-
ments were performed at the Gas Research Center, the Langfang
Branch of Research Institute of Petroleum Exploration and
Development, following Chinese Standard Method GB/T
19560e2004. In order to verify the consistency and repeatability,
all the experiments were performed twice.
4. Results and discussions
4.1. Characteristics of coal petrography and coal quality
The coalification in the Panguan Syncline is low, with a vitrinite
reflectance of 0.87%e1.51% (Table 1), and the coal rank increasesTable 1 Coal lithotype, coal maceral and vitrinite reflectance of the c
Sample Nos. R0 ran (%) Coal lithotype Coal maceral compo
Vitrinite Inertini
HP 0.68 Semi-dull 48.8 20.7
LZD 0.71 Semi-dull 54 20.6
SJS 0.81 Semi-bright 53.4 14.4
XLQ 0.87 Semi-bright 68.8 19.5
LWJ 0.89 Semi-dull 74.4 16.3
HPW 1.23 Semi-bright 93.1 6.4
DL 1.27 Semi-dull 89.6 10.2
PZK 1.51 Semi-dull 86 8.9from west to east. Semidull coal and semibright coal are the main
macrolithotypes, while dull coal and glance coal are not quite
developed. As the main coal maceral composition, the vitrinite
content accounts for 48.8%e93.1%, and it rises from west to
east in the plane. The percentage of inertinite is 6.4%e20.7%
and exinite is 0%e31.6%, both of them tend to decrease from
west to east. The percentage of mineral ranges more widely
from 0.2% to 12.6%. The moisture content, ash content, vola-
tiles and fixed carbon content of the coals in the Panguan
Syncline are 0.28%e0.70%, 5.83%e31.14%, 14.70%e36.28%
and 53.30%e75.24%, respectively.
4.2. Characteristics of pore-fractures structures
Coal reservoir is dual-porosity system, which includes pores and
fractures (Gamson et al., 1998). Previous studies have divided coal
pores into micropores (<10 nm in diameter), transition pores
(10e100 nm in diameter), mesopores (100e1000 nm in diam-
eter), and macropores (>1000 nm in diameter) (Hodot, 1966).
Micropores and transition pores are called adsorption pores.
Macropores and mesopores are named as seepage pores. Micro-
pores and transition pores are the main pore systems for gas
adsorption and diffusion. However, fractures, macropores and
mesopores are the main gas flow paths during coalbed methane
production (Shi and Durucan, 2005; Xu et al., 2005; Yao et al.,
2009).
4.2.1. Characteristics of adsorption pore structure
The results of low-temperature N2 isotherm adsorption/desorption
test show that the BET special surface area of the coal samples in
the Panguan Syncline ranges from 0.167 to 1.949 m2/g (av. value
of 0.587 m2/g), and the BJH total pore volume varies from 0.0009
to 0.0082 mL/g (median value of 0.0023 mL/g) (Table 2). The
maximum adsorption volume ranges from 0.450 to 4.167 mL/g,
and the average diameter of the pores is 12.68 nm. The percentage
of the transition pores is 19.38%e64.26%, and the micropores
have a higher content of 35.47%e80.62%.
The adsorption and desorption curves of the coal samples in
the Panguan Syncline were divided into three types (A, B, and C)
based on the results of the low-temperature N2 isotherm adsorp-
tion/desorption test (Fig. 2). Sample HPW is the representative of
type A, and it has large maximum adsorption volume, as well as
BET special surface area and BJH total pore volume. There is an
obvious adsorption loop curve in type A, reflecting that the
adsorption pores are dominated by opened pores. Such kind of
pores structure has better sorption capacity and connectivity,
which is most favorable for coalbed methane adsorption,oal seams in the Panguan Syncline.
sition (%) Proximate analysis (%)
te Exinite Mineral M,ad A,d V,daf FC,ad
17.9 12.6 0.28 16.12 36.28 53.30
14.6 10.8 0.28 9.27 30.75 62.66
31.6 0.6 0.56 12.83 31.78 55.08
5.8 5.9 0.34 5.83 26.55 67.28
6.9 2.4 0.62 19.25 26.28 54.13
e 0.5 0.45 10.03 20.22 69.3
e 0.2 0.5 7.46 16.92 75.24
e 5.1 0.7 31.14 14.7 53.78
Table 2 The low-temperature N2 isotherm adsorption/desorption test data.
Sample Nos. SBET (m
2/g) VBJH (mL/g) VMAX (mL/g) Average pore
diameter (nm)
Pores proportions (Vol.%) Type of curves
Vtran Vmicro
HP 1.949 0.0082 4.167 13.23 50.61 49.39 A
LZD 0.464 0.0010 0.649 8.66 24.62 75.38 B
SJS 0.368 0.0013 0.684 11.51 45.94 54.06 C
XLQ 0.167 0.0009 0.512 18.69 64.26 35.74 C
LWJ 0.264 0.0009 0.450 10.56 19.38 80.62 B
HPW 0.567 0.0023 1.246 13.43 43.36 56.64 A
DL 0.331 0.0012 0.679 12.68 41.62 58.38 C
Average value 0.587 0.0023 1.198 12.68 41.40 58.60
SBET: BET special surface area; VBJH: BJH total pore volume; VMAX: maximum adsorption volume; Vtran: Volume percentage of transition pores; Vmicro:
Volume percentage of micropores.
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LWJ and sample SJS respectively. The adsorption and desorption
curves of sample B and sample C are relatively flat, and their
maximum adsorption volumes are generally about 0.5 mL/g.
The difference between type B and type C is that there are
well-developed micropores in type B, while in type C, the
proportions of micropores and transition pores are similar. The
adsorption pores structure of type B is dominated by opened
pores. Such kind of pores structure has faintish methane sorption
capacity which is not profitable for the coalbed methane gathering,
while the good connectivity is approvable for the coalbed methane
desorption and diffusion. In type C, the adsorption pores are
closed at one end, as a result this kind of pores structure has poor
methane sorption capacity and connectivity, and is not qualified
for coalbed methane adsorption, desorption and diffusion.
4.2.2. Characteristics of the seepage pores structure
The results of the mercury intrusion porosimetry show that (Table 3):
the pore structures of coal reservoirs in the Panguan Syncline are
dominated by micropores and transition pores (av. value 73.40%),
while macropores and mesopores contents are about 13%
respectively; the mercury intrusion saturations of the coal samples
are generally low, also indicating that the pores structures are
mainly composed of micropores and transition pores. The test
results of the extrusion efficiency and the displacement pressure of
different samples are quite different. When the content of the
micropores and transition pores is higher than 80%, the extrusionFigure 2 Typical pores models of the low-temperature Nitrogen
isotherm adsorption/desorption test.efficiency will be higher than 55%, and the displacement pressure
will be larger than 4 MPa.
From the statistics analysis of the mercury intrusion/extrusion
curves of the coal samples from the Panguan Syncline, three
typical seepage pores models are listed in the below figure
(Fig. 3). Sample HP (typical sample in type A), is characterized by
a quite low maximum intrusion saturation value of about 28%, and
a higher extrusion efficiency that above 55%. The test results show
that the micropores and transition pores are well developed in type
A, and the connectivity between the seepage pores is quite
favorable for the coalbed methane production. Type B is repre-
sented by sample SJS, its mercury intrusion saturation is about
40%, with the lowest extrusion efficiency of 30%. The pores
structure of such type has a typical "bimodal" distribution feature.
The micropores and transition pores are dominant in the pore
structure, and the macropores are seldom but the mesopores are
the least developed in type B. This kind of pores structure can
easily lead to the "bottleneck" problem, which reduces the
permeability, making it difficult for the output of coalbed
methane. Sample HPW is the representative sample in type C, the
maximum intrusion saturation and the extrusion efficiency are
both about 40%. There is no "bottleneck" problem in this type of
pores structure, and it is productive to the coalbed methane
production.
4.2.3. Characteristics of microfractures
Microfractures in coal influence the occurrence, migration, and
production of coalbed methane. Therefore, research on micro-
fractures can provide some important information for coalbed
methane exploration and development. The characteristics of
microfractures in coals of the Panguan Syncline were discussed
with respect to the microscope. The polished sample was
artificially divided into 9 microblocks (1 1 cm2 for every micro-
block) in the visual field of the microscope, and then the micro-
fracture density was counted on every micro-block by the
following classification (Su et al., 2001; Yao et al., 2006; Solano-
Acosta et al., 2007): type Awith width (W) >5 mm and length (L)
>10 mm; type B with W> 5 mm and 10 mm L> 1 mm; type C
with W< 5 mm and 1 mm L> 300 mm; type D with W< 5 mm
and L 300 mm. It is observed that the microfractures in the
Panguan Syncline are dominated by type D (Table 4) which has
a large span of density ranging from 29 to 603 per 9 cm2, as well
as the morphology of the isolated, turtleback, and filamentous
with a random structure (Fig. 4). The microfractures in type C
commonly have a density of about 3e52 per 9 cm2 and are orderly
Table 3 Data of the Panguan Syncline calculated by Mercury intrusion.
Sample Nos. Porosity Permeability Vin (%) Eex (%) Pex (MPa) Pores proportions (Vol.%) Type of curves
Vmacro Vmeso Vmicro/ Vtran
HP 1.4 0.52 29.02 70.50 4.47 3.79 12.51 83.70 A
LZD 2.8 0.2 27.97 58.92 4.10 4.96 12.48 82.56 A
SJS 6.9 14.7 43.28 26.57 1.97 22.55 9.00 68.45 B
XLQ 7.7 5.86 37.68 40.73 e 11.52 16.46 72.02 C
LWJ 4.3 0.727 36.01 39.32 0.08 19.65 6.78 73.57 B
HPW 7.9 0.319 44.25 43.46 1.03 11.04 22.17 66.79 C
DL 7.0 3.49 40.90 31.05 0.13 19.95 13.33 66.72 B
PZK 6.0 1.23 e e e e e e e
Average value 5.4 3.69 37.02 44.36 1.96 13.35 13.25 73.40 e
Vin: maximum intrusion saturation; Eex: extrusion efficiency; Pex: displacement pressure; Vmacro: Volume percentage of macropores; Vmeso: Volume
percentage of mesopores; Vtran: Volume percentage of transition pores; Vmicro: Volume percentage of micropores.
Figure 3 Typical seepage pores models of the coal reservoirs.
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commonly the open-mode microfractures with large aperture,
good connectivity and minimum mineralization. Both of the two
types are infrequently seen in coals of the Panguan Syncline and
are commonly with the density less than 10 per 9 cm2. Overall, the
microfracture connectivity of the coal reservoirs in the Panguan
Syncline is good, and the microfracture density of the medium
rank coals is more than that of the low rank coals.
4.2.4. Characteristics of the SEM pore- fractures system
Coals in the Panguan Syncline are mainly low rank and medium
rank coals. Primary pores and epigenetic pores are the major pore
types in low rank coals, while metamorphic pores are generally
developed in medium rank coals. Primary pores mainly consist of
cell cavity pores and interclast pores (Fig. 5aec): cell cavity pores
are the cell structure holes in the coal-forming plants which areTable 4 Types and density (per 9 cm2) of the microfractures.
Sample Nos. Type A Type B Type
HP 1 2 22
LZD 0 2 3
SJS 0 1 29
XLQ 0 1 18
LWJ 2 4 46
HPW 1 8 14
DL 0 6 52
PZK 0 0 24poorly connected, their diameters range from several to dozens
micron; the interclast pores are those pores between the clastic
microbodies of the coal. Those clastic microbodies have no regular
shapes, no fixed size, thus the interclast pores that they formed have
irregular shapes and only partly connected, which have no mean-
ingful contribution to the permeability of the coal reservoirs.
Breccia pores (Fig. 5d) are pores between the breccias in the coal
that resulted from regional tectonic activities.Most of those breccias
are sharp-angled fragments without long distance transportation.
With the diameter varies from 2 to 10 mm, the breccia pores have
a major contribution to the porosity of the coal beds. Air hole
belongs to themetamorphic pores. Their shapes are generally round,
then ellipse, pear shaped or tubulous. Most of the air holes are
disconnected pores (Fig. 5eeh) with poor connectivity, but some air
holes even show expansion characteristics and connected with
microfractures (Fig. 5i), which improves the permeability of the
coal beds. The coal seams in the study area have undergone intensive
structural movements, resulting in massive microfractures
(Fig. 5jel), which connect the pore-fracture system and greatly
improve the permeability of the coal beds.
4.2.5. Characteristics of the NMR pore-fracture system
Nuclear magnetic resonance (NMR) transverse relaxation (T2) has
been widely used in analyzing the porosity, pores structure and the
movable fluids in the coal beds. It can penetrate into the material
without destroying the samples, and it has many advantages such
as less time-consuming, accurate and high resolution. Based on
the NMR relaxation mechanism, the fluids in different types of
pore-fractures show different relaxation times, thus NMR relaxa-
tion method can be used to characterize the coal reservoirs’ pore-









Figure 4 Morphology of microfractures observed in 63 blue light. a: HP, type A and D, dendritic; b: LZD, type D, isolated; c: SJS, type C,
dendritic; d: XLQ, type D, turtleback; e: LWJ, type A, C and D, dendritic; f: HPW, type D, turtleback; g: DL, type B, C and D, filamentous; h: SJS,
type C and D, filamentous.
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having the shortest relaxation time and the largest pore-fracture
having the longest relaxation time, and the peak area reflects the
number of certain pore-fractures, in addition, the peak width
shows the sorting features of certain pore-fractures, while the
continuum of peaks reflects the pore-fractures’ continuity. Since
NMR measurement relaxation time reflects the surface interactionbetween fluids and rocks, it is commonly used in detecting
movable fluid and irreducible fluid. In this paper, two sets of NMR
measurements were performed: one at 100% water-saturated
condition and the other at an irreducible water condition. First,
the research used 100% water-saturated cores to obtain one T2
spectra distribution, and then the samples were centrifuged to gain
a perfect irreducible water condition and then the other T2 spectra
Figure 5 Characteristics of the SEM pore-fracture system of the coal samples in the Panguan Syncline. a: cell cavity pores (HP); b: interclast
pores (HP); c: cell cavity pores and interclast pores (HP); d: breccia pores (LWJ); e: air holes (PZK); f: air holes (DL); g: air holes (HPW); h: cell
cavity pores and air holes (HP); i: air holes and microfractures (HPW); j: microfractures (DL); k: microfractures (HPW); l: microfractures (LWJ).
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Figure 6 NMR T2 distribution of the coal samples in the Panguan Syncline.
Figure 7 Characteristics of coalbed methane isotherm adsorption
curves.
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ducible fluid porosity were got from analysis, and their contrast is
the movable fluid porosity. The T2 spectra distribution of the
selected coal samples in the Panguan Syncline showed continuous
trimodal distribution, indicating that all of the pore-fractures are
developed in this area. The main peak occurred when
T2Z 200 ms, indicating that fractures, macropores and mesopores
are well developed, and absorption pores are regionally developedFigure 8 Controls of por(Fig. 6a). The good continuity among the three peaks shows
preferable continuity between the pores and fractures. The satu-
rated fluid porosity of the coal samples is 5.84%, the irreducible
fluid porosity and movable fluid are 3.2% and 2.64%, respectively
(Fig. 6b), indicating that the coal reservoirs in the Panguan
Syncline have high porosity and movable fluid porosity, which
will be favorable for the further coalbed methane exploration and
production.4.3. Methane sorption capabilities, porosity and
permeability of the coal reservoirs
4.3.1. Methane sorption capabilities of the coal reservoirs
Since the coalbed methane is mainly adsorbed in the pore-fracture
system, the methane sorption capacities of coal reservoirs not only
affects the gas content, but also has a decisive impact on the
recovery of coalbed methane. The Langmuir parameters from the
isotherm adsorption experiments have been widely used in evalu-
ating the methane sorption capacities of coal reservoirs. The test
results of the coal samples from the Panguan Syncline show that
(Fig. 7): the Langmuir volume of the raw coal in the Panguan
Syncline ranges from 9.59 to 21.38 m3/t with an average value of
13.83 m3/t; and the Langmuir pressure is about 1.34e3.16 MPa
with an average value of 1.97 MPa. From the test data we can draw
the conclusion that the coal reservoirs in the study area haveosity in coal reservoirs.
Figure 9 Controls of permeability in coal reservoirs.
S. Li et al. / Geoscience Frontiers 3(6) (2012) 853e862 861moderate sorption capacities, and the medium rank coals apparently
have better methane sorption capacities than the low rank coals.
4.3.2. Porosity and permeability of the coal reservoirs
The porosity of coal samples in the Panguan Syncline ranges from
2.8% to 7.9%, with a mean value of 6.1%. It increased with the
increase of Ro firstly (when the range of Ro was 0.6%e1.1%), then
decreased with the increase of Ro (when the range of Ro was
1.1%e1.6%) (Fig. 8a). The amount of hydrocarbon generation
increased constantly at the transitional stage from low rank coal to
medium rank coal (when the range of Ro was 0.6%e1.1%), and
reached the maximum when the range of Ro was 1.1%e1.3%.
Large amounts of volatile substance separated out due to hydro-
carbon generation. Not only did it generate a mass of metamorphic
pores and fractures, but also deteriorated the order and directivity
of coal macromolecule, enlarged the molecular distance and
increased the number of structurally deficient pores, resulting in
the increase of the porosity of coal. Then with coal rank rose,
hydrocarbon generation decreased, while the compaction of coal
increased, and the porosity decreased. Content of macropores and
mesopores from mercury intrusion test has obviously positive
correlation with the porosity of coal, and it indicates that mac-
ropores and mesopores have a major contribution to the coal
porosity (Fig. 8b).
The permeability of samples ranges from 0.2 to 14.7 mD with
an average value of 4.22 mD in the Panguan Syncline. The
permeability and porosity as well as the density of microfractures
show a positive correlation (Fig. 9): the larger the porosity is, the
more developed the microfractures are, and the higher the
permeability is. The development of porosity and microfractures
are under the control of the coal evolution degree. With the
increase of the coal metamorphism, the coal reservoirs began to
generate hydrocarbon, and the release of massive organics
resulting in the shrink of the coal matrix, and therefore, a large
number of air holes and fractures formed, which greatly improved
the porosity and permeability of the coal reservoirs. In the region
of medium rank coals, air holes and microfractures are well
developed; while in the region of low rank coals, the porosity and
microfracture density are rather poor.
The coals in the Panguan Syncline have undergone burial
metamorphism and regional magmatic metamorphism. The coal
evolved to gas coal degree due to burial metamorphism, and in
some areas it sequentially evolved to fat-coking coal degree due to
regional magmatic metamorphism. For example, the Ro of
samples HPW, DL and PZK are 1.23%, 1.27% and 1.51%,
respectively. These three samples have massive metamorphicpores and higher porosity than the low rank coals in the study area,
because the tectonic thermal events had a strong transformation
effect on the coal reservoirs. The tectonic thermal events aggra-
vated the coal metamorphism, improved the coalbed methane
sorption capacity, as well as generated a large number of pores and
fractures which increased the porosity and permeability of the coal
seams. In short, the medium rank coal in the Panguan Syncline has
high sorption capacity and good physical properties, as a favorable
target for coalbed methane exploration and development.
5. Conclusions
The coal seams in the Panguan Syncline are dominated by low and
medium rank coals, with moderate methane sorption capacities
and favorable seepage capacities. The porosity, especially the
movable fluid porosity is generally high, thus, the coal reservoirs
in the study area are conductive for the coalbed methane’s gath-
ering and production. There is a significant positive correlation
between the permeability, porosity and the microfracture density.
In addition, the porosity and microfracture density are under the
control of the coal metamorphic grade. The low rank coals usually
have low methane sorption capacities and the seepage pores and
microfractures are poorly developed; while the medium rank coals
have better methane sorption capacities, and the seepage pores and
microfractures are well developed with improved physical prop-
erties. Therefore, the region with medium rank coals in the Pan-
guan Syncline is the most prospective target for the coalbed
methane exploration and production.
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